Hereditary sensory and autonomic neuropathy type 2 (HSAN2) is a rare recessive genetic disorder characterized by severe sensory loss affecting the tactile, thermal and nociceptive modalities. Although heterozygous carriers of nonsense mutations in the HSN2 gene, called with-no-lysine(K)-1 (WNK1), do not develop the disease, historical and experimental evidence suggests that these individuals might perceive somatosensory stimuli differently from others. Using the method-of-limits, we assessed the thresholds for warmth detection, cool detection, heat pain and cold pain in 25 mutation carriers and 35 controls. In group analyses, carriers displayed significantly lower warmth ( p Ͻ 0.001) and cool ( p Ͻ 0.05) difference thresholds, and also tended to report cold pain at higher temperatures ( p ϭ 0.095), than controls. Similarly, matched-pair analyses showed that carriers are significantly more sensitive to warm stimuli ( p Ͻ 0.01) and cold pain stimuli ( p Ͻ 0.05), and tend to be more sensitive to cool stimuli ( p ϭ 0.11). Furthermore, the differences between the warmth detection thresholds of the carriers and those of gender-and sex-matched wild types significantly increased with age (r ϭ 0.76, p ϭ 0.02), and in carriers cool detection thresholds did not increase with age (r ϭ 0.27, p ϭ 0.24) as expected and observed in controls (r ϭ 0.34, p ϭ 0.05). This study demonstrates that the carriers of a recessive mutation for HSAN2 display greater sensitivity to innocuous thermal stimuli, as well as for cold pain, suggesting a possible environmental adaptive advantage of the heterozygous state.
Introduction
Hereditary sensory and autonomic neuropathies (HSANs) are a group of clinically and genetically heterogeneous disorders associated with severe somatosensory dysfunction (Dyck and Ohta, 1975; Axelrod and Hilz, 2003; Auer-Grumbach et al., 2006) . Differential diagnosis between the five main HSAN subtypes is based on their mode of inheritance, pathology, natural history, biochemical, neurophysiologic and autonomic abnormalities (Hilz, 2002) . HSAN2 is an early onset (possibly congenital) recessive disorder associated with diffuse tactile deficits and a predominantly distal loss of sensitivity to thermal and painful stimuli, which lead to recurrent lacerations, fractures, and infections (Ohta et al., 1973; Nagasako et al., 2003; Roddier et al., 2005; Axelrod and Gold-von Simson, 2007) . Sural nerve biopsies in HSAN2 patients reveal a severe loss of large and small myelinated fibers, and a slight reduction of unmyelinated fibers (Winkelmann et al., 1962; Ohta et al., 1973; Hilz, 2002) . Compound action potentials from the sural nerve in HSAN2 patients show absent A-␤ and A-␦ potentials, and a diminished C potential (Ohta et al., 1973) .
Recently, recessive nonsense mutations in the nervous system-specific HSN2 exon of WNK1 were discovered to cause the disease (Lafreniere et al., 2004; Rivière et al., 2004; Roddier et al., 2005; Cho et al., 2006; Coen et al., 2006; Takagi et al., 2006; Shekarabi et al., 2008) . WNK1/HSN2 appears to be expressed in both peripheral and CNS, including satellite cells, Schwann cells, and sensory neurons (Shekarabi et al., 2008) . However, the mechanisms by which these mutations cause the disease are still unclear.
The largest cluster of HSAN2 cases was uncovered in the Lanaudière region of Quebec, Canada (Roddier et al., 2005) . Its occurrence corresponds to the high carrier rate of two distinct mutations in the WNK1/HSN2 gene: a common nonsense mutation, c.943C3 T, and a rarer c.918 -919insA insertion causing a frameshift (Roddier et al., 2005) . Although heterozygous carriers of WNK1/HSN2 mutations do not develop the disease, the parents of many of these affected individuals spontaneously report that they seem to perceive warmth and cold differently from others. The only known quantitative sensory testing of presumed heterozygote HSAN2 French-Canadian carriers was reported in 1973 on the parents of four HSAN2 siblings: the mother showed normal touch-pressure, thermal and pain thresholds, and the father displayed normal thresholds at the level of the foot, but abnormally high tactile thresholds on the finger (Ohta et al., 1973) . The large size of the extended families partaking in our study, and their regional clustering mostly to one small village in the Lanaudière region of Quebec, placed us in ideal position to explore the sensory perception of heterozygote carriers of WNK1/HSN2 mutations.
Materials and Methods
We recruited on a single day a group of age-and sex-matched carriers and noncarriers of WNK1/HSN2 mutations. Participants were asked to come to a local assembly hall where they signed a consent form approved by the Centre Hospitalier de l'Université de Montréal Institutional Ethics Committee. They were selected based on their typing for the two HSN2 mutations, which was completed during previous family and population studies. Individual genotypes were determined using Taqman SNP genotyping assay and were confirmed by direct sequencing as previously described (Roddier et al., 2005) . At the time of testing, neither the participants (except for the parents of affected cases) nor the experimenters were informed of the carrier status to ensure a double-blind design. A total of 25 carriers (8 carrying the c.943C3 T and 17 carrying the c.918 -919insA mutation; 12 males, 13 females) and 35 wild types (18 males, 17 females) aged between 27 and 67 years were studied (mean age Ϯ SD: wild types M ϭ 46.7 Ϯ 12; wild types F ϭ 49.6 Ϯ 11.6; carriers M ϭ 49.6 Ϯ 14; carriers F ϭ 46.9 Ϯ 12.3). Subjects in both groups were white FrenchCanadians who lived in or around the Lanaudière region of Quebec; all (including wild-type subjects) were related by blood or marriage to HSAN2 patients, or married to relatives of HSAN2 patients. All subjects were right-handed, except for one carrier and two wild types. Two female c.943C3 T carriers were excluded because one had suffered a stroke and another had undergone multiple upper body surgeries (all the other participants appeared in general good health, and did not have chronic pain or evidence of a peripheral neuropathy). We also excluded from the analysis of each individual test participants who were considered outliers according to the commonly adopted 1.5 ϫ interquartile (IQR) range criterion (i.e., a data point was considered an outlier if it fell either below the first quartile minus 1.5 ϫ IQR, or above the third quartile plus 1.5 ϫ IQR, being IQR the distance between the first and the third quartiles) (Moore and McCabe, 2003) ; this led to the exclusions of one carrier and one wild type from the warmth detection test and two carriers and one wild type from the cool detection test (see below). Additionally, the single carrier who was identified as an outlier in more than one test (i.e., in both warmth and cool detection tests) was excluded from the analysis of all tests, considering that he likely misunderstood the instructions. The removal of these few outliers did not significantly unbalance the age composition across groups for any test (Fig. 1 legend) .
Quantitative sensory testing was performed after a 10-min period of instruction and practice with the actual experimental stimuli. The following modalities were tested in the following order, using the methodof-limits: warmth detection (WD), heat pain (HP), cool detection (CD), and cold pain (CP) thresholds. For each test, a 30 ϫ 30 mm Peltier contact thermode (TSA II Neuro-Sensory analyzer, Medoc Ltd. Advanced Medical System), initially set to a baseline temperature of 32°C, was applied to the skin of the volar forearm just above the wrist. When prompted by the experimenter, subjects had to press a button and hold it down until, depending on the test, they detected an increase (WD test) or a decrease (CD test) in the temperature of the thermode, or when the thermode became painfully hot (HP test) or painfully cold (CP test). The temperature change in all tests occurred randomly, after a delay of 6 -8 s from the initial button press. The temperature change rates were 0.3°C/s for the WD and CD tests, and 0.5°C/s for the HP and CP tests; slow rates were selected to reduce reaction time artifacts. Each test was repeated five times, and the responses in all five trials were averaged to calculate the mean threshold for each subject. The difference threshold (⌬T; that is, the smallest change in a stimulus that can be noticed) was calculated as the absolute value of the difference of the adaptation temperature (32°C) from each mean threshold value. To test as many subjects as possible, two testing stations (plus one for the practice session), each located in a separate room, were used: WD and HP were tested in the first testing station, whereas CD and CP were tested in the second. Because all the subjects were tested by the same experimenter and on the same machine for each modality, interexperimenter effects did not affect the results. To avoid sensitization or habituation to thermal stimuli after exposure to pain stimuli, sensitivity to innocuous warm/cool stimuli was always tested before sensitivity to painfully hot/cold stimuli on each stimulation site, and WD and HP were tested on the left forearm whereas CD and CP were tested on the right forearm.
Two types of statistical analyses were performed: a group analysis and a matched-pair analysis. In the group analysis, the performances of the two groups in each of the four tests were compared using the general linear model (GLM), including the between-subject factors genotype (carriers vs wild types) and sex, and the within-subject factor trial (1-5). Because neither a significant main effect of sex nor a significant sex ϫ trial interaction was observed, these are not considered further. The relationship between age and thresholds in each test was assessed for both genotypes using Pearson's product-moment correlation, and possible genotype differences in the correlation coefficients were statistically assessed. In the matched-pair analysis, the two genotype groups were partitioned in smaller subgroups based on the subjects' age and gender (see Table 1 ). The thresholds of all the subjects within the same subgroup were averaged for each test, and then the averaged thresholds of each carrier subgroup were compared with those of the age-and sex-matched wild-type subgroup. This comparison was performed using a paired t test for the WD, CP, and HP tests, because the mean thresholds for these test were normally distributed (as assessed by the Shapiro-Wilks test); because the cool detection means were not normally distributed, the nonparametric Wilcoxon test was used for the CD test. The optimal number of partitions of the age range for each sex was determined to be 7 (1 age bin ϭ 5.7 years), because it was the largest number of partitions that allowed us to match each carrier subgroup with a "nonempty" wild-type subgroup (with smaller and more numerous partitions some carriers would have been included in subgroups that did not have a sex-and age-matched wild-type subgroup with an N of at least 1). Spearman rank order correlation was used to assess the relationship between age (i.e., subgroup age range) and the differences between the averaged thresholds of matching subgroups across genotypes.
All statistical analyses were performed using Statistica 7.1 (StatSoft Inc.). Throughout the text and in the figures, means are presented Ϯ their SD.
Results

Warmth detection test
In the WD test, the carriers' average threshold was 33.5 Ϯ 0.6°C (⌬T ϭ 1.5°C), whereas the mean threshold in the wild types was 34.8 Ϯ 1.6°C (⌬T ϭ 2.8°C), indicating that on average the carriers were able to detect temperature increases 1.3°C (46.4%) smaller than those detected by the wild types (Fig. 1A) . Both the group analysis, F (1,52) ϭ 12.2, p Ͻ 0.001, as well as the matchedpair analysis, t (8) ϭ 3.5, p Ͻ 0.01, showed that the effect of genotype on WD thresholds is statistically significant. The correlation between WD thresholds and age ( Fig. 2A, right) was positive but not significant in the wild-type group (r ϭ 0.16, p ϭ 0.37). However, in the carriers group ( Fig. 2A, left) the correlation between age and WD thresholds trended toward an effect in the opposite direction (r ϭ Ϫ0.39, p ϭ 0.08). The comparison between the coefficients of the WD threshold-age correlations in the two groups yielded a p value of 0.057. Furthermore, the differences between the WD thresholds of the carriers and those of genderand sex-matched wild types significantly increased with age (Spearman r ϭ 0.76, p ϭ 0.02) (Fig. 2C) . Therefore, the relationship between age and WD threshold appeared to be different between groups.
Cool detection test
The carriers displayed lower difference thresholds in the CD test as well (Fig. 1B) . The mean difference threshold of the carriers was 0.5°C (i.e., 33%) smaller than that of the wild types (T carriers ϭ 31.0 Ϯ 0.4°C vs T wild types ϭ 30.5 Ϯ 0.9°C, F (1,51) ϭ 5.0, p ϭ 0.03; ⌬T carriers ϭ 1.0°C vs ⌬T wild types ϭ 1.5°C). The matched-pair yielded similar results, although the p value did not achieve the level of statistical significance ( p ϭ 0.11). CD difference thresholds increased with age in the wild types (r ϭ 0.34, p ϭ 0.05), but not in the carriers (r ϭ 0.27, p ϭ 0.24) (Fig. 2B) . However, neither the comparison between these correlation coefficients ( p ϭ 0.82), nor the correlation between age and the differences between the thresholds of the carriers and matched wild types (Spearman r ϭ 0.37, p ϭ 0.32) yielded significant results. Figure 1C shows that the carriers also reported CP at higher temperatures than the wild types (T carriers ϭ 19.0 Ϯ 5.7°C vs T wild types ϭ 15.4 Ϯ 8.7°C). These differences trended toward significance in the group analysis, F (1,53) ϭ 2.9, p ϭ 0.10, and reached the level of statistical significance in the matched-pair analysis, t (8) ϭ 2.75, p ϭ 0.03. In the group analysis, the correlations between age and CP threshold were neither significant (r carriers ϭ Ϫ0.09, r wild types ϭ 0.16, p Ն 0.35), nor statistically different from each other ( p ϭ 0.38). In the matched-pair analysis the differences between carriers and matched wild types did show an increase with age (Spearman r ϭ 0.56), which however did not reach statistical significance ( p ϭ 0.12).
Cold pain test
Heat pain test
In the HP test, no differences were observed across genotypes, either in the group analysis (T carriers ϭ 41.7 Ϯ 3.2°C, T wild types ϭ 42.3 Ϯ 3.4°C; F (1,53) ϭ 0.5, p ϭ 0.50), or in the matched-pair analysis (t (8) ϭ 0.8, p ϭ 0.44), The correlations between age and HP threshold were neither significant (r carriers ϭ Ϫ0.21, r wild typesϭ Ϫ0.23, p Ն 0.17), nor statistically different from each other ( p ϭ 0.91). Accordingly, the differences between matching subgroups did not correlate with age (Spearman r ϭ Ϫ0.26, p ϭ 0.50).
Discussion
To our knowledge this is the first study to show that carrying a recessive mutation for a peripheral sensory neuropathy may confer a potentially advantageous phenotype. Although individuals with homozygous mutations of the WNK1/HSN2 gene develop a neuropathy associated with loss of sensitivity to tactile, thermal and painful stimuli, we observed that healthy heterozygote carriers of WNK1/HSN2 mutations display lower difference thresholds for (i.e., increased sensitivity to) cool and warmth detection, as well as for cold pain, compared with wild types. Although we observed a significant overlap between the two groups, the wild types' thresholds were distributed over a larger range. For instance, only ϳ60% of wild types were able to detect temperature increases smaller than 3°C, as opposed to 100% of carriers; similarly, only ϳ75% of the wild types, compared with 100% of the carriers, detected temperatures decreases smaller than 2°C. Furthermore, we show that carriers do not appear to display the age-related decline in somatosensory sensibility observed in wildtype individuals: although the younger subjects in both groups displayed similar thresholds, the differences between the warmth detection thresholds of the carriers and those of gender-and sex-matched wild types significantly increased with age, and cool detection thresholds did not increase with age in carriers, as expected and observed in wild types. The two types of analysis used in this study, group and matched-pair analyses, yielded very similar results but also presented some differences: in particular, the former analysis produced significant p values for the WD and CD tests, whereas the p value for the CP test approached significance; the latter analysis produced p values that were significant for the WD and CP tests, but only approached significance for the CD test. Because in our study it was not possible to exactly match each carrier with one wild-type subject, we had to average a large amount of data (i.e., all the datapoints within each subgroup, for each test) to perform the matched-pair analysis. Although this procedure significantly reduced the degrees of freedom of our analysis (hence the higher p values in WD and CD tests), it allowed the unveiling of an effect (i.e., in the CP test) that in the group analysis only approached significance, likely due to its high intersubject variability.
Although this is the first time that recessive mutations responsible for a neuropathy have been associated with a potentially beneficial phenotype, examples of recessive mutations leading to advantageous traits have been identified in other domains (e.g., protection against certain forms of infections; Segal and Hill, 2003) . It is of interest that most cases published to date have been found in countries with cold climates, such as Canada. The high carrier frequency in French Canada suggests that settlers that carried these mutations saw their descendants prosper in the cold environment, further supporting a possible environmental ad- Figure 2 . Correlations with age. A, In the wild types (right), the correlation between WD thresholds and age was positive but not statistically significant (r ϭ 0.16, p ϭ 0.37). In the carriers (left), this correlation displayed a trend in the opposite direction (r ϭ Ϫ0.39, p ϭ 0.08). These two correlations were statistically different, p ϭ 0.054. B, Cool detection thresholds increased with age in the wild types (r ϭ 0.34, p ϭ 0.05; right), but not in the carriers (r ϭ 0.27, p ϭ 0.24; left). However, these correlations were not statistically different ( p ϭ 0.82). See the Figure 1 legend for more information. C, The matched-pair analysis showed that the differences between the WD thresholds of the carriers and those of gender-and sex-matched wild types significantly increased with age (Spearman r ϭ 0.76, p ϭ 0.02). Squares, Male; triangles, female.
vantage to the heterozygous state. By conferring an increased thermal sensitivity, these mutations might allow the carriers to 'fine-tune' their somatosensory function to the extreme environments they live in, by counteracting the desensitizing effects that low ambient temperatures exert on the perception of both innocuous and noxious thermal stimuli (Strigo et al., 2000) . However, because the testing sessions described in this study have been performed at room temperature, further studies need to be performed in cold ambient temperatures to further support this hypothesis.
The physiological mechanisms by which carrying a single copy of a predicted truncated WNK1 leads to an enhanced thermal sensitivity, whereas carrying both truncated copies leads to congenital insensitivity to thermal, pain and tactile stimuli, still remain to be investigated, and could potentially range from factors affecting membrane conductance within primary sensory neurons, up to high-order cognitive factors. For instance, one possibility is that the truncation of this protein might lead to an increase in the membrane excitability of the primary sensory neurons: in carriers of a single truncated copy of the gene, this increased excitability might be mild and result in a leftward shift in the stimulus-response curve and a lowering of the spiking threshold; in homozygous carriers, however, this increased excitability might be so dramatic to induce excitotoxicity, and therefore lead to the diminution of primary sensory neurons that has been observed in HSAN2 patients (Winkelmann et al., 1962; Ohta et al., 1973; Hilz, 2002) . However, in the absence of further data, any explanation remains purely speculative. The generation of cellular and animal models and a better understanding of the role of WNK1/HSN2 in the sensory nervous system development and maintenance should shed light on the beneficial nature of the perceptual changes in carriers, as well as on the pathogenesis of HSAN2.
